The salivary gland ductal network is maintained during homeostasis and after genotoxic injury by diverse progenitors that respond differentially to radiation induced damage.
Introduction
Salivary glands are composed of a complex architecture of saliva synthesizing acini and transporting ducts capable of producing up to 1.5L of this sero-mucous liquid per day (in humans). The epithelium coordinating this secretory program is very heterogeneous in cell type and consists of 2 kinds of acinar cells (mucous and serous) and at least 3 kinds of ductal cells of increasing size (intercalated (smallest), granulated/striated and excretory (largest)). These cells are morphologically and functionally distinct, allowing the organ to alter the composition of the saliva under un-stimulated and stimulated conditions (e.g. food intake). Such cell diversity implies that maintenance of tissue during homeostasis or after injury occurs via differentiation of multipotent progenitors capable of producing multiple lineages or distinct progenitor populations that act to replace a single cell type. In support of the latter, over the last few years a number of distinct progenitor cell populations have been identified to contribute to one of the multiple cell types constituting the adult epithelium. SOX2+ cells in the acini and KRT14+ cells in the ducts give rise to mucous acinar and granulated ductal lineages, respectively (Emmerson et al. 2018; Kwak et al. 2016) . Recently we identified KIT as a second progenitor population for the ductal lineage that give rise to the intercalated ducts (Emmerson et al. 2018) , further supporting the requirement for multiple progenitors in SG homeostasis. However, the mechanisms by which these progenitors replace ductal cells, whether they acquire lineage plasticity to replace multiple cell types as well as their ability to regenerate the ductal system after damage is unknown. Salivary glands originate from an invagination of the oral epithelium into a condensing mesenchyme (embryonic day (E) 11.5, 6-8 weeks in humans) and form an initial pre-acinar 'end bud' on what will become the secretory duct for the oral cavity. This single pre-acinar end bud undergoes rapid expansion, clefting, duct formation, lumenization and terminal differentiation to form a highly branched lobular structure capable of producing saliva by birth (Tucker 2007) . The murine ductal lineage emerges from a relatively undifferentiated population of KRT5+KRT19progenitors that differentiate to form the morphologically and functionally distinct KRT8 enriched intercalated, MUC19+ granulated/striated and KRT19+ excretory duct (Knox et al. 2010; Lombaert et al. 2013) . These ducts differ vastly in size with intercalated ducts connecting the acini to the ductal system being the smallest and excretory ducts residing in the connective tissue connecting the oral cavity to this system being the largest. Furthermore, the ductal cells themselves differ in size, shape and function: intercalated ducts are composed of small cuboidal cells that passively absorb ions from the saliva whereas the large columnar cells of the striated ducts actively absorb Na+ and secrete HCO3- (Lee et al. 2012) .
Salivary glands are inadvertently injured from radiation treatment delivered to patients for the elimination of head and neck tumors (~60,000 new patients per year in US (Siegel et al. 2015) ).
Off target radiation destroys saliva synthesizing acinar cells (Redman 2008; Sullivan et al. 2005) and results in a lifetime of dry mouth and co-morbidities (e.g., oral infections, poor wound healing, dental decay (Brown et al. 1975; Dreizen et al. 1977; Dusek et al. 1996) ). We recently showed that acinar progenitors can replenish the acini immediately after radiation induced damage (Emmerson et al. 2018) . Intriguingly, the ductal system seems far less perturbed after radiation treatment than the acini, with ducts marked by KRT5 being similar in phenotype to non-irradiated tissue (Knox et al. 2013 ). Yet whether the ducts actively regenerate after radiation and if this is mediated by KRT14+ and/or KIT+ cells is unknown.
Here we show that the salivary ductal network is maintained during homeostasis and after genotoxic injury by KRT14+ and KIT+ progenitors that differ in their regenerative behavior.
Using short-and long-term lineage tracing, we demonstrate that KRT14+ and KIT+ cells are unique, non-overlapping progenitor populations for the ductal lineage that replenish specific cellular compartments during homeostasis and after damage. We also demonstrate that these cells do not acquire lineage plasticity after damage, thereby limiting repair of each ductal cell type solely to its single progenitor. Finally, we show that KRT14+ and KIT+ populations differ substantially in how they preserve tissue architecture in the face of genotoxic injury, with KRT14+ cells repopulating ductal cells through asymmetric division whereas KIT+ cells maintain ductal tissue structure through limiting cell turnover.
Results

KRT14 and KIT segregate during development to mark distinct ductal cells in both mice and humans.
Although both KIT+ and KRT14+ cells have been demonstrated to give rise to ducts in the adult SG, whether these mark the same ductal progenitor cell is unclear. To confirm their independence, we first determined the location of KIT and KRT14 protein in murine and human adult SG. In murine SG, KRT14 was expressed by a group of 4-8 KRT5+ cells wrapping around the proximal portion of the intercalated duct as well as by smooth muscle actin (SMA+) myoepithelial cells ( Figure 1 , A and Figure S1 , A). Although located distal to the granulated duct, KRT14+ SMA-cells did not express the granulated duct cell marker MUC19 ( Figure S1 , B). KIT expression was observed predominately in the intercalated ducts with lower expression by a subpopulation of cells in the granulated ducts (Figure 1, A) . This segregation of proteins was in contrast to the E13-E14 developing gland where KIT and KRT14 were often co-expressed by acinar cells (Lombaert et al. 2013) although by E15 few KRT14+ cells expressed KIT ( Figure   1 , B), suggesting segregation of these lineages occurs before terminal differentiation.
Despite KIT being a well-studied receptor in stem cell biology that has been postulated to be involved in the regeneration of salivary glands, the localization of KIT in developing or adult human SG is unclear. Similar to the murine SG, in the human SG KIT and KRT14 were coexpressed in both acinar and ductal cells during fetal development (Figure 1 , C) whereas in the adult tissue KIT no longer co-localized with KRT14 and was enriched in intercalated as well as larger ductal cells (Figure 1 , D-E). As for the mouse, we also observed KRT14+ cells that were either SMA+ or SMA- (Figure 1 , E), indicating myoepithelial and basal duct cells, respectively.
Thus, the adult mouse recapitulates the adult human system, confirming it as a useful system to model these divergent cell types.
KRT14+ and KIT+ cells are multipotent progenitors during SG development that become unipotent at different time points to produce a single non-overlapping ductal cell type
As KIT and KRT14 co-localize during development and KRT14 is expressed by the oral epithelium, before ontogenesis, we first asked if KRT14+ cells give rise to KIT+ cells by performing genetic lineage tracing using an inducible Krt14 promoter crossed to a Rosa26 mTmG reporter line. Similar to a previous study utilizing a non-inducible Krt14 promoter (Lombaert et al. 2013) , we found Cre activation at E10.5 (before invagination) and E12.5 resulted in GFP+ cells marking the entire E16.5 epithelial compartment (including acinar, duct and myoepithelial cells; Figure 2 , A) and confirmed that KRT14+ progenitor cells give rise to KIT+ cells (Figure 2 , A). However, when lineage tracing was initiated at post-natal stage (P) 2 (before the emergence of granulated ducts, (Srinivasan & Chang 1979) ), P30 (ductal system is fully differentiated) or 6 weeks (w), KRT14+ cells contributed solely to the ductal compartment and more specifically, granulated ducts (Figure 2, B) indicating that the fate of KRT14+ cells is determined at or before P2.
Next, we tested whether KIT+ cells also became lineage restricted by P2 by utilizing the inducible Kit promoter (Kit CreERT2 ). In contrast to KRT14+ cells, activation of Cre at P2 resulted in both GFP+ acinar and duct cells (but not myoepithelial cells), indicating that KIT+ progenitors maintained their multipotency for longer ( Figure 3 , A). However, by 6 weeks of age, KIT+ cells replenished the intercalated ducts (KRT8+ KIT+) but not acinar cells or KRT14+ cells surrounding these ducts (Figure 3 , A-C). Although we found a subpopulation of granulated duct cells were also labelled by GFP, these cells expressed endogenous KIT+ and were not GFP+ by 6 months of lineage tracing (Figure 3 , C). Together, these data indicate that both KIT+ and KRT14+ cells contribute to multiple epithelial lineages of the developing SG and become lineage restricted at distinct time points to produce non-overlapping duct cell populations.
KRT14+SMA+ cells give rise to myoepithelial cells and not ductal or acinar cells
As KRT14+ cells also contributed to the myoepithelial compartment ( Figure 2 , (Kwak et al. 2016 )), we next determined if KRT14+SMA+ cells were capable of producing acinar or ductal cells by performing lineage tracing using the tamoxifen inducible Acta2 promoter (SMA CreERT2 , (Wendling et al. 2009 )) crossed to an RFP reporter. During development, basal KRT14+ cells in the end bud begin to express SMA with the emergence of these cells from the acini by E16 (Figure 4 , A). However, a population of KRT14+ cells within the ducts remains SMA-negative ( Figure 4 , A). Activation of Cre at E15 resulted in the production of SMA+ myoepithelial cells, but not KRT14+ ductal cells or AQP5+ acinar cells ( Figure 4 , A), suggesting that lineage restriction for the myoepithelial cell lineage occurs at a time point preceding myoepithelial emergence from the basal epithelium of the end bud. This is in contrast to the acinar lineage which we found to be derived from KRT14+ cells until E16 (Figure 4 
KRT14+ but not KIT+ cells replenish the ductal compartment after radiation-induced damage through asymmetric division
Radiotherapy for head and neck cancer inadvertently injures the SG and causes an eventual loss of the acinar cell compartment (Knox et al. 2013; Grundmann et al. 2010) . In contrast, the ductal compartment remains relatively intact suggesting that the ductal system has long term regenerative capacity (Knox et al. 2013) . We tested this notion by applying gamma radiation (IR) to the neck region of mice (24h after Cre recombination) and lineage tracing for KRT14+ or KIT+ cells for 14 or 30 days. Similar to glandular homeostasis, after a single 10 Gy dose of IR KRT14+ cells gave rise to GFP+ granulated duct cells and myoepithelial cells ( Figure 5 , A), indicating that KRT14+ cells remain capable of repopulating the tissue but do not acquire lineage plasticity in response to genotoxic shock. Similarly, we observed GFP+ cells in the intercalated duct compartment of the irradiated Kit CreERT2 ;Rosa26 mTmG SG ( Figure 5, B ), suggesting that they were either replenishing themselves or were capable of surviving radiation-induced damage.
To determine if duct regeneration was mediated by proliferation of progenitor cells, we analyzed cell division of KRT14+ and KIT+ cells during homeostasis and after radiation treatment.
Similar to previous studies, there was very limited cell proliferation in the ductal system of the homeostatic gland including the KIT+ intercalated ducts (Kimoto et al. 2007; Chibly et al. 2014; Kim et al. 2008) with cell division being restricted almost exclusively to KRT14+ cells ( Figure   6 , A). After radiation induced damage the number of dividing KRT14+ cells was initially reduced (3 days post-IR), suggestive of cell cycle exit. However, cell proliferation increased over time such that we measured a >4-fold increase in EdU+KRT14+ cells in IR SG compared to control tissue at 14 days post-IR ( Figure 6 , A-B), indicating that these cells undergo delayed mitosis in response to IR-induced injury. As the number of KRT14+ cells did not increase with increased proliferation (Figure 6 , C) whereas GFP+ cells derived from KRT14+ progenitors increased in the granulated ducts of irradiated tissue (Figure 4, A) , we conclude that KRT14+ cells repopulate the granulated ducts by asymmetric division i.e., a KRT14+ cell gives rise to itself and a differentiated daughter cell (Figure 6, D) . In contrast to KRT14+ cells, we found almost no EdU+ KIT+ cells under either homeostatic or injury conditions ( Figure 6, E) , confirming previous reports that KIT+ cells are long lived slow dividing cells (Chibly et al. 2014 ). Furthermore, this outcome suggests that the intercalated duct cells are maintained rather than actively replenished after damage. Thus, KRT14+ and KIT+ cells utilize vastly different cellular mechanisms to maintain ductal architecture after injury.
Discussion
A large number of studies over the last 70 years have suggested that the ductal system is comparatively more resistant to radiation-induced damage than the acinar cells (Redman 2008; Grundmann et al. 2010 ). Yet, whether this is the case had not been empirically determined. Our recent finding that acinar cells are capable of regenerating immediately after radiation exposure (Emmerson et al. 2018 ) strongly suggested that the ductal system could also regenerate in response to genotoxic injury. Consistent with this prediction, we show that ducts can indeed regenerate after radiation-induced damage, however, cell replacement primarily occurs in the granulated ducts and is mediated by KRT14+ cells. In contrast, KIT+ cells show little turnover to maintain themselves, possibly surviving through increased resistance to DNA damage mediated cell death to ensure tissue architecture remains unperturbed. Furthermore, we also find that these progenitors, like the SOX2+ acinar progenitors, do not gain lineage plasticity in response to radiation thereby ruling out a regenerative mechanism used by other organs such as the skin (Page et al. 2013; Ito et al. 2005) to ensure organ fidelity. Thus, these data indicate that the salivary ductal progenitor cells possess regenerative capacity but that there is heterogeneity in the mechanisms by which they maintain the organ.
Epithelial stem cells can divide by symmetrical or asymmetrical division, which allows for the expansion of their numbers and the production of differentiated cells (Itzkovitz et al. 2012; El-Hashash & Warburton 2012; Lechler & Fuchs 2005 ). An excellent example of this is the recent study of prostate basal and luminal cells: the basal cells exhibit both asymmetric and symmetric division to self-renew and produce differentiated luminal progeny whereas the luminal cells divide by symmetrical division to produce themselves (Wang et al. 2014) . We have previously shown basal cells in the lacrimal gland undergo asymmetric division to produce luminal daughter cells (Farmer et al. 2017) and our data in the SG suggests a similar outcome for the basal KRT14+ cells lining the excretory ducts. Intriguingly, as the KRT14+ cells lie outside the granulated ducts, these daughter cells must incorporate into the larger ductal system and produce a cell vastly different in morphology from the original KRT14+ cell. Similar to the luminal cell of the prostate, our lineage tracing suggests KIT+ cells of the intercalated ducts undergo symmetric divisions (albeit very slowly) producing themselves over and over again albeit at a very slow rate. It is likely that symmetric division is slow in these cells due the confined size of the intercalated ducts which are typically only 10 cell lengths in size. Their long-lived nature (as well as progenitor cells status) is also supported by previous label retaining studies in adult rodents showing that intercalated duct cells retain BrdU for more than 7 weeks after their initial labeling (Chibly et al. 2014 ). Further investigation is necessary to understand why KIT+ and KRT14+ cells are restricted to symmetric and asymmetric divisions as well as the mechanisms regulating the quiescence of KIT+ cells.
We recently reported that murine acinar progenitor cells marked by SOX2 are highly regenerative, at least in the first 30 days after radiation exposure, and are capable of repopulating the acini similar to uninjured controls (Emmerson et al. 2018) . Similarly, here we find that ductal system can also replenish itself to some extent after genotoxic shock through KRT14+ cells. KRT14+ cell proliferation increases in the 2 weeks after radiation exposure, suggesting there is feedback from the granulated ducts to promote replenishment of these cells. However, whether this regenerative capacity can be sustained for the long term is unclear. Previous studies indicating that murine salivary glands degenerate/senesce 3-6 months after radiation suggest ducts may only regenerate for a limited time (Marmary et al. 2016; Muhvic-Urek et al. 2006) . As these investigations focused on the acini rather than ducts, it remains to be determined whether the regenerative capacity of KRT14+ cells does fail eventually and further analysis is required to discern the cause. It also remains to be determined whether the human salivary gland ductal system actively regenerates in the days/months after therapeutic radiation and if this regenerative capacity fails in the long-term due to the inability or progenitors to enter the cell cycle.
Our study indicates that genotoxic damage to the SG does not induce the acquisition of lineage plasticity, as has been observed after injury in the intestine (Van Es et al. 2012) , trachea (Tata et al. 2013 ) and stomach (Stange et al. 2013) , where cells repopulate the lost compartment irrespectively of their origin and function under unperturbed conditions. This presents a significant challenge for the tissue as lineage plasticity of functionally distinct stem cell populations is a robust fail-safe mechanism to maintain regenerative capacity in case of stem cell loss when tissue is damaged. However, it is also possible that salivary ductal progenitor cells possess a robust response to oxidative/DNA damage and are able to efficiently repair themselves to reduce this reliance on other mechanisms. Also, the close proximity of KIT+ to KRT14+ cells to each other suggests that they may behave as reciprocating niche cells, positively influencing the function of the other cell to indirectly promote repair. Further studies are required to understand their interactions and whether communication between these two cells is required for their homeostatic and regenerative capacity. In addition, whether these cells undergo plastic interconversion when under different injury conditions remains to be tested.
Materials and Methods
Mouse Lines
All procedures were approved by the UCSF Institutional Animal Care and Use Committee (IACUC) and were adherent to the NIH Guide for the Care and Use of Laboratory Animals.
Mouse alleles used in this study were provided by The Jackson Laboratory and include Krt14 CRERT2 (Vasioukhin et al. 1999) , Kit CreERT (Klein et al. 2013) , Acta2 CreERT2 (Wendling et al. 2009 ) and Rosa26 mTmG (Muzumdar et al. 2007 ) and Rosa26 RFP (Luche et al. 2007) .
Lineage Tracing of KRT14+ Cells
Krt14 CreERT2 ;Rosa26 mTmG embryos were generated by breeding Krt14 CreERT 2(Ki/+);mTmG(Ki/Ki) males with Krt14 CreERT2 (+/+);Rosa26 mTmG (Ki/Ki) females. Timed pregnant females were injected with 5.0mg/20g tamoxifen (Sigma Aldrich) in corn oil (Sigma Aldrich) at E10.5 and E12.5 and euthanized at E16.5, or injected with tamoxifen at E15.5 or E16.5 and euthanized at E18. For postnatal lineage tracing of KRT14+ cells, P2 or P30 pups were injected with one single dose of 0.3mg or 5mg tamoxifen respectively and euthanized on P30 or P270. For adult lineage tracing of KRT14+ cells, Krt14 CreERT2 (Ki/+); Rosa26 mTmG (Ki/Ki) females were injected with one single dose of 2.5mg/20g tamoxifen and euthanized after 24 hours or 14days.
Lineage Tracing of KIT+ Cells
Postnatal lineage tracing of KIT+ cells was carried out by injecting P2 Kit CreERT2 (Ki/+); Rosa26 mTmG (Ki/Ki) pups with one single dose of 0.3mg tamoxifen and euthanizing on P30. For adult lineage tracing of KIT+ cells, Kit CreERT2 (Ki/+); Rosa26 mTmG (Ki/Ki) females were injected with 4mg/30g tamoxifen for three consecutive days and euthanized on day 14. For gamma irradiation studies, Kit CreERT2 (Ki/+); Rosa26 mTmG (Ki/Ki) adults were injected with one single dose of 2.5mg tamoxifen 24 hours before irradiation and euthanized 30 days later.
Lineage Tracing of SMA+ Cells
Acta2 CreERT2 ;Rosa26 RFP embryos were generated by breeding Acta2 CreERT2 (Ki/+);Rosa26 RFP (Ki/Ki) males with Acta2 CreERT2 (+/+);Rosa26 RFP (Ki/Ki) females. Timed pregnant females were injected with 5.0mg tamoxifen at E15.5 and euthanized at E18. For adult lineage tracing of SMA+ cells, Acta2 CreERT2 (Ki/+); Rosa26 RFP (Ki/Ki) males were injected with one single dose of 5mg tamoxifen and euthanized on 30 days or 6 months later.
Gamma-Radiation
Gamma-radiation experiments of adult murine salivary glands was carried out as previously described (Emmerson et al. 2018) . In brief, C57BL/6, Krt14 CreERT2 ;Rosa26 mTmG and Krt14 CreERT2 ;Rosa26 mTmG mice were anesthetized with 1.25% 2,2,2-tribromoethanol (Alfa Aesar) in 0.9% saline (Vedco Inc.) and irradiated using a 137 Cs source in a Shepherd Mark-I-68A 137 Cs Irradiator (JL Shepherd & Associates). Only the neck and part of the head were exposed, and the salivary glands were radiated with two doses of 5 Gy at a dose rate of 167 Rads/min for 2.59 min (one of each side of the head, bilateral, and sequential but on the same day) for a total dose of 10 Gy. Control mice were anesthetized as per experimental mice, but did not undergo radiation treatment. All animals were allowed to completely recover before returning to normal housing and were given soft diet ad libitum (ClearH 2 O). Mice were euthanized after 3, 7, 14 and 30 days.
For proliferation analysis, animals were i.p injected with 0.25mg/25g 5-ethynyl-2'-deoxyuridine (EdU -Thermofisher Scientific) 2 hours before sacrifice. 
Human salivary gland tissue collection
Tissue Processing
Embryonic SGs were dissected and fixed for 2 hours at room temperature, while adult murine, human fetal and adult human SGs were fixed overnight at 4°C, in 4% PFA. Tissue was incubated in increasing concentrations of sucrose (12.5%-25%) and embedded in in OCT (Tissue-Tek).
Tissue was sectioned using a Leica cryostat and tissue sections kept at -20°C until immunofluorescent analysis. OCT tissue blocks were kept at -80°C.
Immunofluorescent Analysis
Tissue sections were left to equilibrate at room temperature for 10 minutes and washed in PBS.
Tissue sections were permeabilized in 0.5% Triton-X in PBS for 10 minutes and blocked for 2 hours at room temperature in 10% Donkey Serum (Jackson Laboratories, ME) and 1% BSA (Sigma Aldrich) in 0.05% PBS-Tween-20. For anti-c-KIT primary antibody staining, permeabilization with ice-cold 1:1 Acetone:Methanol solution was carried out for 1 minute, followed by incubation in blocking solution as above. Tissue was incubated overnight at 4°C in primary antibody in 0.05% PBS-Tween-20. The following primary antibodies were used: rabbit 
Cell Number and Proliferation Analysis
For cell number and proliferation analysis of KRT14+ and KIT+ cells, control and irradiated adult female tissue was stained using the Click-iT EdU kit (Thermofisher Scientific). Cells positively stained for EdU and cell markers were counted using NIH Image J software. All data was obtained from 3 fields of view from each animal, where 3 control and 3 irradiated mice were analyzed for each time point.
Statistical Tests
Data were analyzed for statistical significance using a one-way ANOVA (multiple groups) with post hoc testing performed using Dunnett (GraphPad Prism). For multiple testing, we used a false discovery rate of 0.05. All graphs show the mean + standard deviation (SD) and were generated using GraphPad Prism. 
Figure Legends
